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he control of calcium, phosphorus, and magnesium is extremely 
important, not only for proper bone growth in young animals but also 
for normal cell stability, muscle contraction, and acid
These minerals are regulated by three main body syst
tract, kidneys, and parathyroid glands. Accordingly, any dysfunction in any 
one of these organ systems may result in severe disturbances of cellular 
function and growth.46  
 
 
CALCIUM HOMEOSTASIS 
 
Calcium is required for many vital 
functions, as well as for skeletal support. It is the most abundant 
component of the skeleton and is an important cofactor for neural 
transmission, enzyme activity, blood coagulation, muscle contraction, 
hormone secretion, and other cellular functions.
human beings indicates a link between calcium status and obesity and risk 
of diabetes mellitus among other diseases but links have not been made in 
domestic animals.69  
 
Approximately 99% of body calcium
stored as hydroxyapatite. Most skeletal calcium is poorly exchangeable, 
and less than 1% is considered readily available. Almost all of the non
skeletal calcium resides in the extracellular space, although small and 
biologically important quantities are found intracellularly.
calcium exists in three fractions: ionized (iCa), complexed (bound to 
phosphate, bicarbonate, sulfate, citrate, and lactate), and protein bound. In 
clinically normal cats, protein-bound, 
approximately 40%, 8%, and 5
concentration, respectively. Ionized calcium is the biologically active form 
of calcium and its homeostasis
T
I n t r o d u c t i o n  
3 
-base regulation. 
ems: gastrointestinal 
intracellular and extracellular 
91,92 Recent research in 
 resides in the skeleton and is 
-
92 Extracellular 
complexed and iCa account for 
2% of total serum calcium (tCa) 
 is important for many physiologic 
I n t r o d u c t i o n  
 
 
4 
functions.100 Intracellular iCa is an important secondary messenger in the 
response to biochemical signals through the cell membrane.
 
Regulation of serum calcium concentration is complex and requires the 
integrated actions of parathyroid hormone (PTH), vitamin D meta
calcitonin (CT), and iCa itself. Parathyroid hormone and calcitriol are the 
principal regulators of calcium homeostasis.
is mainly responsible for the minute
concentration, whereas calcitriol maintains day
iCa concentration.101 Calcium homeostasis in adult animals is regulated 
mainly by absorption from the gastrointestinal tract, excretion by the 
kidneys, and the rates of bone resorption and formation. In healthy
animals, an equivalent amount of calcium is excreted primarily in the urine 
with small losses in sweat and intestinal secretions. The calcium released 
from bone by osteoclastic bone resorption and 
bone by bone formation are balanc
calcium absorption is the principal determinant of the amount of calcium 
excreted in the urine in adult animals.
 
Normal homeostatic response to hypocalcemia
Hypocalcemia elicits corrective responses that are medi
the hormonal actions of PTH and calcitriol.
to minutes, subacute effects occur over several hours, and chronic effects 
occur over days to weeks. A fall in iCa concentration is immediately sensed 
by the parathyroid glands, which respond with an increase in PTH 
secretion. Hypocalcemia decreases the proportion of PTH that is degraded 
in the parathyroid chief cells, making more PTH available for secretion. 
During increased PTH secretion, renal calcium absorp
excretion are increased within minutes, whereas bone mobilization of 
calcium and phosphate occurs within 1 to 2 hours.
 
92 
bolites, 
8,76,101,102 Parathyroid hormone 
-to-minute control of serum iCa 
-to-day control of serum 
 
the calcium deposited in 
ed in healthy adult animals. Intestinal 
93  
 
ated through 
93 Acute effects occur in seconds 
tion and phosphorus 
101  
  
After several hours of hypocalcemia, increased PTH secretion 
stimulates the synthesis and secretion of calcitrio
transport of calcium and phosphorus into blood follows, providing an 
external source of calcium in addition to the internal mobilization from 
bone. Over days or weeks of hypocalcemia, further increases in PTH 
secretion are achieved largely by hypertrophy and hyperplasia of chief 
cells in the parathyroid gland.94  
 
Normal homeostatic response to hypercalcemia
Most of the effects that occur during hypercalcemia are the opposite of 
those described above for hypocalcemia. A rise in iCa c
a decrease in PTH secretion from the parathyroid glands.
secretion is stimulated in an attempt to minimize the magnitude of 
hypercalcemia. In addition, hyperplasia of C cells in the thyroid gland 
results if the hypercalcemic stimulus is sustained, but this mechanism is 
ineffective for controlling hypercalcemia because of the transitory effect of 
CT on osteoclastic bone resorption.
through direct inhibition by iCa and as a result 
because of decreased PTH concentration.
 
In general, these hormonal responses are more effective in protecting 
against hypocalcemia than hypercalcemia. Perturbations in these 
mechanisms as exemplified by excessive increases in b
deficiencies or excesses of PTH or calcitriol, and defects in renal capacity to 
handle calcium and phosphate will lead to either hypo
 
 
 
 
 
I n t r o d u c t i o n  
5 
l. Increased intestinal 
 
oncentration causes 
25,93 Increased CT 
28 Calcitriol synthesis is decreased both 
of decreased stimulation 
101 
one resorption, 
- or hypercalcemia.76 
I n t r o d u c t i o n  
 
 
6 
CALCIUM-REGULATING HORMONES
 
Parathyroid hormone  
Parathyroid hormone is an 84-amino acid single
is synthesized and secreted by the chief cells of the parathyroid glands.
The amino acid sequence of PTH is known for the dog, cow
chicken, and human; and most mammals appear to have very similar 
amino-terminal portions of the molecule.
 
Synthesis, secretion, and degradation of PTH by chief cells are closely 
related. After secretion, PTH has a short half
thus a steady rate of secretion is necessary to maintain se
concentrations.101  
 
The biological actions of PTH include (a) increase the blood calc
concentration; (b) increase calcium reabsorption and inhibition of 
phosphate reabsorption from the renal tubules, 
calcium loss in the urine; (c) stimulation of osteoclastic bone resorption 
and the number of osteoclasts on bone surfaces
phosphate from bone; and (d) accelerate the formation of the principal 
active vitamin D metabolite (calcitriol) by the kidney
intestinal absorption of calcium and phosphate
 
Parathyroid hormone metabolism is complex and produces several 
fragments of varying biological and immunological reactivity.
fragments are themselves biologically active a
by a novel receptor.79 Under normocalcemic conditions, circulating PTH is 
composed of 20% intact PTH (I-PTH)(1
(C) PTH fragments, considered until recently to be biologically inactive.
Carboxyl-terminal fragments missing the amino
PTH(1-84) were identified first.27
 
-chain polypeptide that 
76 
, pig, rat, 
11,109  
-life (3 to 5 minutes) in serum; 
rum PTH 
ium 
resulting in decreased 
 and release of calcium and 
, which increases 
.8,76,101,102  
76 These 
nd their effects are mediated 
-84), and of 80% carboxyl-terminal 
26 
-terminal (N) structure of 
 In renal failure, C-PTH fragments 
  
accumulate because they are cleared mainly by the kidney in individuals 
with normal renal function; in this situati
to 95% of circulating PTH.26,27 They are regulated by calcium slightly 
differently than PTH(1-84), occurring in a relatively smaller proportion 
relative to the latter in hypocalcemia but in a much larger proportion in 
hypercalcemia.27 A second category of C
preserved N-structure. Studies in humans have also demonstrated the 
existence of smaller C-PTH fragments and, more recently, of larger C
fragments with a partially preserved N
84)PTH.26,27 Carboxyl-terminal PTH fragments are acutely regulated in the 
circulation by iCa concentration.27
and antiresorptive effects. Overall, studies suggest that PTH(1
PTH fragments are regulated differently to exert opposite biological effects 
on bone via two different receptors. This may serve to control bone 
turnover and calcium concentration more efficientl
 
The immunoheterogeneous nature of circulating PTH has given rise 
over the past 40 years to the ongoing replacement of PTH assays with 
increasing specificities.26 Because of sequence homology of human and 
animal PTH, commercial assays developed for humans have been used 
successfully for some veterinary species.
immunoradiometric assay (IRMA) for intact 
both the I-PTH (1-84) and the PTH (7
the dog and cat.5,12,86,112 A new third
has been developed for use in humans 
fragment. This novel assay could offer a better measure of W
especially in patients with secondary hyperparathyroidism because the 
PTH (7-84) fragment is elevated in this 
PTH fragments, which occur in cats with chronic renal failure
interfere with I-PTH immunoassays.
better diagnostic value in dogs than the I
fragments may be increased in dogs as compared with hum
I n t r o d u c t i o n  
7 
on C-PTH fragments represent up 
-PTH fragments has a partially 
-PTH 
-structure, called non-(1-
 They also exert similar hypocalcemic 
-84) and C-
y.27,79 
5,33,35,36 A two-site 
human PTH which measures 
-84) fragment has been validated in 
-generation IRMA whole PTH (W-PTH) 
that measures only the PTH (1-84) 
-PTH 
disease.42 High concentrations of C-
 (CKD), may 
6 The W-PTH assay may also be of 
-PTH assay because PTH (7-84) 
ans.36 Whole 
I n t r o d u c t i o n  
 
 
8 
PTH (1-84) and I-PTH (1-84 and 7
horses.35  
 
Circadian rhythms are known to influence hormonal secretion. Most 
hormones have been shown to change their plasma levels throughout the 
day due to cycles related to day-night, sleep
Diurnal variations in plasma PTH have been demonstrated in humans
and dogs.66 Except for minor diurnal variation, PTH secretion is relatively 
constant but may have a mild pulsatile pattern in response 
fluctuations in the concentration of serum iCa.
 
The PTH response to changes in iCa concentration
through the study of the PTH-Ca curve.
widely studied in humans39 and in many domestic animals
The PTH-Ca curve is obtained by inducing
recording values of plasma PTH at different calcium levels, in a range from 
hypo- to hypercalcemia. The PTH-Ca curve relationship is best represented 
by a sigmoidal function. Several parameters are derived from the study of 
the PTH-Ca curve:37 basal PTH is the PTH concentration before initiating 
either hyper- or hypocalcemia; 
concentration observed in response to hypocalcemia and additional 
reduction in plasma calcium does not further increase PTH value; 
PTH is the lowest PTH concentration during suppression by hypercalcemia 
and a further increase in plasma calcium does not result in any additional 
reduction in PTH; the ratio of basal to maximal PTH 
divided by the maximal PTH and this fraction is multiplied by 100 to 
obtain a percentage; basal plasma calcium
concentration before initiating either hypo
plasma calcium is the plasma calcium concentration at which the PTH 
concentration was first observed to be maximal or within 10% of maximal 
PTH; minimal plasma calcium is the plasma calcium
the PTH concentration was first observed to be minimal or within 10% of 
-84) have been measured in dogs36 and 
-wake or activity-inactivity. 
18,41 
to minor 
16 
 can be evaluated 
15 The PTH-Ca curve has been 
.1,9,15,33,36,71,110 
 changes in plasma calcium and 
maximal PTH is the highest PTH 
minimal 
is the basal PTH 
 is the plasma calcium 
- or hypercalcemia; maximal 
 concentration at which 
  
minimal PTH; and the set point 
corresponding to the midpoint PTH value between maximal PTH and 
minimal PTH concentrations,1
corresponding to 50% of maximal PTH.
indicator of the calcium concentration at which PTH secretion is 
stimulated.37 
 
An interesting feature of this curve is the phenomenon of hysteresis. 
With respect to the PTH-Ca curve relationship, the term hysteresis 
indicates that for the same plasma calcium concentration, the plasma PTH 
is higher during induction of either hypo
the recovery periods.1,24,110 Hysteresis has been
horses,110 and dogs.1 
 
 
Vitamin D metabolites 
Vitamin D (calciferol) is classified as a secosteroid hormone which plays 
a key role in calcium homeostasis through the classic pathway involving 
the skin, liver and, ultimately, renal production of calcitriol.
(ergocalciferol) is produced by irradiation of plants with ultraviolet light, 
whereas vitamin D3 (cholecalciferol) is produced endogenously in many 
species of animals.23 The cholecalciferol metabolites 25
(calcidiol), 1,25-dihydroxyvitamin D
dihydroxyvitamin D3 are the most important of at least 30 metabolites.
Calcidiol that is produced in liver is the major circulating form of vitamin D 
and is accepted as a measure of vitamin D status.
concentration of calcidiol reflects skin synthesis of cholecalciferol 
following ultraviolet irradiation, dietary intake of calciferols, and the 
degree of renal tubular reclamation of calcidiol
following glomerular filtration. Calcitriol is the naturally occurring vitamin 
I n t r o d u c t i o n  
9 
defined as the calcium concentration 
5 or the calcium concentration 
37 The set point is considered an 
- or hypercalcemia than during 
 demonstrated in humans,24 
31 Vitamin D2 
-hydroxyvitamin D3 
3 (calcitriol), and 24,25-
101 
23 The circulating 
-vitamin D binding protein 
I n t r o d u c t i o n  
 
 
10 
D metabolite that has the greatest affinity for the vitamin D receptor in 
tissues.29 
 
In humans, the requirement for vitamin D can be met by consumption 
of vitamin D2 or D3 or by synthesis of cholecalciferol in the skin. 
Cholecalciferol is synthesized in the skin from 7
exposure to ultraviolet light. Dogs and cats inefficiently photosynthesize 
vitamin D in their skin and consequently are dependent on
their diet.50,80 This may have lead to overzealous incorporation of vitamin 
D to commercial diets, hence the emerging
recent years due to an excessive vitamin D supplementation in diets for 
domestic animals.72,117  
 
Calcidiol is converted by 1-α-hydroxylase in the kidney to the most 
active metabolite (calcitriol), or alternatively to 24,25
D3 by 24-hydroxylase, present in many tissues.
calcidiol to calcitriol is stimulated by
or phosphorus and by high PTH concentrations, as well as by CT, insulin
like growth factor-1 and/or growth hormone.
directly stimulate 1-α-hydroxylation independent of PTH. Estrogens and 
testosterone may also increase calcitriol synthesis.
 
Calcitriol is the only natural form of vitamin D with significant biologic 
activity. The main target organs for vitamin D are the intestine, bone, 
kidney, and parathyroid glands.32
vitamin D is to maintain plasma calcium and phosphate concentrations 
within narrow physiological limits.
the active absorption of calcium and phosphate; in the kidney stimulates 
the reabsorption of calcium and phosphate from the glomerular filtrate; in 
growing cartilage calcitriol and 24,25
processes of cartilage maturation and calcification; and in calcified bone 
calcitriol acts as a regulator of bone resorption.
-dehydrocholesterol after 
 vitamin D in 
 reports of hypercalcemia in 
-dihydroxyvitamin 
102 The hydroxylation of 
 low plasma concentrations of calcium 
-
57 Hypocalcemia and CT 
14 
 With PTH, the primary function of 
31 In the intestine, calcitriol stimulates 
-dihydroxyvitamin D3 influence the 
57 
  
Measurement of vitamin D metabolites is helpful in diagnosing 
disorders of calcium homeostasis. Calcidiol and calcitriol are the 
metabolites of clinical interest for detection of hypo
D, and abnormalities of the renal hydroxylase 
The metabolites of vitamin D are chemically identical in all species, thus 
receptor-binding assays or radioimmunoassay (RIA
humans are satisfactory for the measurement of the same metabolites in 
animals.50,54  
 
 
Calcitonin   
Calcitonin is a 32-amino acid polypeptide hormone that is synthesized 
by C cells mainly located in the thyroid glands.
transcription results in a larger precursor molecule, preprocalcitonin, 
which is processed within the C cells.
homology ranging from 53% to 90% among the mammals (humans, rats, 
dogs, and horses) in which it has been studied.
 
The iCa concentration is the most important regulator of 
An important role of CT is to limit the degree
hypercalcemia, thus reducing the absorption of calcium from the 
gastrointestinal tract. This effect, in concert with PTH, acts to maintain 
serum iCa concentration within a narrow range.
hypocalcemic hormone which acts 
osteoclastic bone resorption. There is also evidence for an action in the 
kidney to decrease tubular reabsorption of calcium, and in the brain and 
hypothalamus, where a number of acti
 
The role of CT in calcium homeostasis appears to decrease with 
increasing age, resulting in lower
increasing age. Especially at an early age, but also in other conditions of 
I n t r o d u c t i o n  
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- and hypervitaminosis 
system (eg, renal failure).101 
) developed for use in 
74 As in PTH synthesis, gene 
102 Sequencing of CT has revealed 
49,74,111 
CT secretion. 
 of postprandial 
59,102 Calcitonin is a potent 
predominantly on bone to inhibit 
ons have been reported.28  
 basal plasma CT concentrations with 
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high calcium demand such as in pregnancy and lactation, the actions of CT 
are directed at avoiding hypercalcemia and consequently renal loss of 
calcium. Calcitonin enhances the deposition of calcium in bone and in the 
exchangeable calcium pool, and prevents excessive b
decreasing osteoclastic function. In addition, CT plays an important role in 
sustaining the concentration of calcitriol independent of PTH.
Calcitonin also stimulates renal 1-
on the calcitriol synthesis and its interaction with PTH are of considerable 
interest, since the stimulatory effect of PTH on calcitriol synthesis appears 
to be mediated by adenosine 3’,5’-
also stimulates cAMP production in the kidney.
 
Despite these documented effects, the physiological role of CT has long 
been debated, with some suggesting that CT is an “enigmatic” or even 
“vestigial” hormone.28 The effects of CT on normal calcium homeostasis are 
considered to be minor.101 Recently, there have been significant advances 
using genetically modified mouse models to explore physiological roles for 
CT acting via its receptor, the CT receptor. Data from these studies allows 
the proposition that CT has important and related roles in (a) 
the skeleton by regulating bone turnover and (b) maintaining calcium 
homeostasis.28 
 
Calcitonin molecules are quite similar among different species.
heterologous assays (i.e. assays incorporating antibodies against the 
human CT molecule) can be used to reliably measure 
some other mammals. A specific assay for quantification of canine CT has 
been described49 and recently, the usefulness of human 
quantification of equine CT concentration has been demonstrated.
 
Similarly to PTH, the relationship between CT and iCa can be studied 
through the CT-Ca curve, which describes the response to changes in iCa 
concentration. The CT-Ca curve has been studied in clinically normal and 
one resorption by 
57,102 
α-hydroxylase activity. The effect of CT 
cyclic monophosphate (cAMP), and CT 
13,106  
protecting 
59 Thus, 
CT concentration in 
CT assays for 
95  
  
uremic rats,113,115,116 and in humans with CKD.
increases in circulating CT concentration secondary to acute increases in 
iCa concentration in dogs49 and horses
parameters derived from the PTH
extrapolated to the study of the CT
concentration before initiation of hypercalcemia; 
CT concentration observed in response to hypercalcemia and additional 
increase in plasma calcium does not further increase CT
basal to maximal CT  is the basal CT divided by the maximal CT and this 
fraction is multiplied by 100 to obtain a percentage; 
plasma calcium concentration at which maximal CT secretion is reduced 
by 50%. 
 
 
PHOSPHORUS HOMEOSTASIS 
 
Phosphate in the mammalian body is present predominantly (85%) in 
the form of organic phosphate stored as hydroxyapatite in the mineralized 
matrix of bone with most of the remaining 14
intracellulary in soft tissues. Of this
phosphate, 10% is protein bound and 5% is complexed with either calcium 
or magnesium.23,93,104 
 
Phosphorus plays an essential role
constituent of structural phospholipids in cell membranes and of 
hydroxyapatite in bone, phosphorus also is an integral component of 
nucleic acids and of phosphoproteins involved in mitochondrial oxidative 
phosphorylation. Energy for essential metabolic 
contraction, neuronal impulse conduction, epithelial transport) is stored in 
high energy phosphate bonds of adenosine triphosphate. Phosphorus is
I n t r o d u c t i o n  
13 
38 Among domestic animals, 
97 have been reported. Several 
-Ca curve mentioned above can be 
-Ca curve: basal CT is the CT 
maximal CT is the highest 
 value; the ratio of 
the set point is the 
-15% occurring 
 remaining 15% of inorganic 
 in cellular structure and function. A 
processes (eg, muscle 
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also important in the intermediary metabolism of 
carbohydrate and as a component of glycogen.
 
Phosphorus homeostasis requires a balance between dietary intake, 
exchange of phosphorus between extracellular and bone storage pools, 
and renal excretion. The physiological regulation of
incompletely understood. It is interlinked with calcium homeostasis; both 
minerals are subject to control by the calciotropic hormones
 
Absorption of dietary phosphate is approximately 60% to 70% and 
occurs by active transport using a so
passive diffusion.93 Ingested organic phosphate is hydrolyzed in the 
gastrointestinal tract, liberating inorganic phosphate for absorption.
Calcitriol increases intestinal phosphate absorption. Low dietary content 
of phosphate results in increased renal production of calcitriol and 
increased renal phosphate reabsorption.
effect of PTH on intestinal phosphate absorption, and observed effects are 
probably mediated by the role of PTH in c
calcitriol.30 
 
Renal excretion of phosphate is determined by the glomerular filtration 
rate and the maximum tubular reabsorption rate. High dietary intake of 
phosphorus decreases proximal tubular reabsorption, whereas low dietary 
intake can result in nearly 100% proximal tubular reabsorption of 
phosphate. Parathyroid hormone is the most important regulator of renal 
phosphate transport, and it decreases the maximum tubular reabsorption 
rate. The effects of calcitriol on renal phosph
separate from the effects of calcitriol on PTH secretion and on phosphate
transport in other organs (eg, intestine
 
However PTH and calcitriol are not the only regulators of phosphate 
homeostasis, the existence of new players in phosphate homeostasis have 
protein, fat, and 
30,93 
 phosphorus is 
.43  
dium-phosphate cotransporter and by 
30 
93 There is no evidence of a direct 
onversion of calcidiol to 
ate transport are difficult to 
 
, bone).30,93 
  
been recently identified and these discoveries have contributed to a better 
understanding the pathogenesis of some disorders of phosphate 
regulation.22 A number of phosphorus
“phosphatonins” (fibroblast growth factor
related protein 4, matrix extracellular phosphoglycoprotein, and FGF
have been proposed, and research is just beginning to be published on the 
role of these hormones in veterinary 
is the most thoroughly studied of these hormones; in fact it is now 
considered to be a key regulator of plasma phosphorus concentration.
Initially, it was identified in human patients with a genetic phosphate 
wasting disorder. Fibroblast growth factor
human subjects and is secreted primarily by osteocytes and osteoblasts, in 
response to hyperphosphatemia and increased plasma calcitriol 
concentrations. In patients with chronic kidney failur
increase as kidney functions deteriorate
focused to determine if the hormone actually participates in the 
pathophysiology of the deranged bone and mineral metabolism typical for 
these patients and, if so, whether it might serve as a therapeutic target.
 
 
MAGNESIUM HOMEOSTASIS   
 
Historically, magnesium has received very little attention in veterinary 
medicine as an electrolyte worthy of consideration.
essential dietary element for animals. Approximately 55% of total body 
magnesium resides in the skeleton, and 45% is intracellular. Serum 
magnesium is comprised of three fractions (like calcium): free or ionized, 
protein bound, and complexed (bound to phosphate, bicarbonate, lactate, 
sulfate, acetate, and other compounds). Ionized magnesium accounts for 
0.5-5% of total body magnesium and is the fraction that is biologically 
active.99 Ionized magnesium is important in the support of enzyme a
I n t r o d u c t i o n  
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-regulating hormones, termed the 
-23 (FGF-23), secreted frizzled-
-7) 
species. Fibroblast growth factor-23 
43 
-23 is also present in healthy 
e, FGF-23 levels 
. Current investigations are 
3 
 
10 Magnesium is an 
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and is a cofactor for more than 300 enzymes. The action of magnesium 
extends to all major anabolic and catabolic processes. Thus, magnesium 
plays a pivotal role in muscle contraction; protein, fat, and carbohydrate 
metabolism; methyl group transfer
properties and stabilization of membranes; cell division; and immune 
responses.93 
 
Magnesium homeostasis is a result of the balance between intestinal 
absorption and renal excretion with additional regulation by the 
thyroids, and parathyroid glands.
PTH, CT, vitamin D, insulin, glucagon, antidiuretic hormone, aldosterone, 
and sex steroids have been reported to influence magnesium balance, 
notwithstanding the possibility th
regulators of magnesium homeostasis.
 
The calciotropic hormones exert their influence on magnesium in the 
kidney, affecting magnesium reabsorption in the cortical part of the thick 
ascending limb of the loop of Henle and 
different cellular mechanisms. Parathyroid hormone stimulates 
magnesium reabsorption both in the loop of Henle and in the distal tubule. 
The PTH modulation of magnesium is mediated by activation of adenylate 
cyclase and production of cAMP.97 
as in primary hyperparathyroidism when magnesium reabsorption is 
impaired due to a large renal calcium load resulting in hypermagnesuria. 
Also, magnesium levels may influence PTH secretion through a
system, thus chronic hypermagnesuria may suppress PTH secretion and 
cause disturbances in calcium homeostasis.
shown to enhance the intestinal absorption of magnesium through 
separate active transport mechanisms. Howe
not play an important role in the overall magnesium homeostasis because 
of an increased urinary excretion.97,122
CT on magnesium. It has been reported 
; oxidative phosphorylation; functional 
adrenals, 
10,93 A number of hormones including 
at these may not be the primary 
97 
in the distal convoluted tubules by 
Calcium may modulate the PTH action 
 feedback 
97,114,122 Vitamin D has been 
ver, this phenomenon may 
 Little is known about the effects of 
that CT may stimulate renal 
  
magnesium reabsorption in the rat. Calcitonin 
in different parts of the nephron that does
 
Transcellular magnesium transport takes place mainly 
absorption and renal excretion. Magnesium is absorbed as a freely 
diffusing ion by three mechanisms: (a) paracellular diffusion, (b) 
paracellular solvent drag, and (c) transcellular active transport.
Magnesium is absorbed mainly in the ileum and in the colon. The 
absorption is increased by calcitriol, but the mechanism of the
unknown and calcium and magnesium differ in the degree that absorption 
is stimulated. A common intestinal transport system for calcium and 
magnesium has been hypothesized.
 
The three principal routes of magnesium excretion are the 
gastrointestinal tract, kidney, and mammary gland during lactation. The 
kidneys play a major role in regulating magnesium balance and serum 
concentration of magnesium by controlling tubular reabsorption.
the nephron, magnesium is reabsorbed in the pro
(5-15%), the thick ascending limb of Henle (50
convoluted tubule (10%).114 Approximately 75% of the total plasma 
magnesium is filtered through the glomerular membrane. Under normal 
conditions only 3-5% of the filtered magnesium is excreted in the urine.
Magnesium appears in the urine when the filtered load exceeds the 
maximal tubular reabsorptive capacity. Urinary magnesium concentration 
can be used as an indicator of dietary supply but is not representative of
current plasma magnesium concentration.
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 PTH.85 
by intestinal 
93,97 
 transport is 
10,93 
10,93 Along 
ximal convoluted tubule 
-60%), and the distal 
97 
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I n t r o d u c t i o n  
 
 
18 
INFLUENCE OF CALCULOLYTIC 
METABOLISM 
 
The prevalence of feline lower urinary tract disease (FLUTD), 
irrespective of cause, has been reported to be 1.5% to 8%. The majority of 
these cases (>60%) occurred in cats younger than 10 years of age and 
were identified as idiopathic cystitis. An estimated 10% to 20% of cats 
with FLUTD have urolithiasis or urethral plugs; struvite and calcium 
oxalate are found in more than 80% of these patients.
 
One of the options in the treatment of FLUTD is based on dietary 
modification. Experimental and clinical investigations have confirmed the 
importance of dietary modifications in medical protocols designed to treat 
and prevent feline lower urinary tract signs.
modification to prevent FLUTD are to: 
urine, b) decrease the relative supersaturation of urine for specific stone 
types, and c) promote healthy bacterial populations in the gastrointestinal 
and urogenital tracts, and d) increase the salt content to promote 
enhanced diuresis.61 
 
The major strategies used by these diets are focused on the urine 
acidification (adjusting urine pH) and in the increase of salt content to 
enhance diuresis. The easiest way of reducing supersaturation and
one of the simplest and most effective treatments for all causes of FLUTD, 
is to increase urine volume and promote diuresis. There is a great deal of 
evidence in cats showing that low urine volume as well as 
concentration are risk factors for urolith formation.
 
Acidifying diets increase both urine concentration and fractional 
excretion (FE) of calcium, and magnesium restriction reduces the urine 
content of magnesium.40 In addition, ingestion of aci
DIETS ON MINERAL 
56 
 The main goals of dietary 
a) promote large dilute volumes of 
, indeed, 
high urine 
61  
difying diets restricted 
  
in magnesium and marginal in potassium content was
potassium depletion, hypokalemia, and CKD. Based on experimental 
evidence, bone homeostasis also might be affected by acidifying diets.
Increased urine calcium excretion and bone demineralization were found 
in some adult cats that were fed diets containing 1.5% ammonium 
chloride.20 It has been reported that chronic ingestion of ammonium 
chloride produces metabolic acidosis and alterations in calcium 
metabolism. During metabolic acidosis, the responses of kidney, intestine, 
and bone may be mediated by changes in calcitriol and PTH. Some data 
indicate that the effects on calcium metabolism are independent of PTH 
and dietary levels of calcium. There is a paucity of i
the metabolism of other minerals in metabolic acidosis, but phosphorus, 
magnesium, potassium, chloride, and sodium metabolism may be variably 
affected. Studies have demonstrated that chronic metabolic acidosis may 
lead paradoxically to potassium
hypokalemia. In addition to changes in the metabolism of each of these 
minerals, combined alterations in calcium, potassium, and magnesium 
metabolism can be seen in metabolic acidosis, due to their physiological 
interrelationships. Renal handling of sodium and chloride may 
affected by metabolic acidosis secondary to decreased filtered bicarbonate 
and reduced bicarbonate reabsorption in the renal proximal tubule.
 
Moreover, increasing salt intake to promote diuresis has been 
suggested in the management of FLUTD. Increasing urine volume, 
dilution, or both can be reliably achieved in healthy cats by feeding a dry 
diet with an increased content of salt. One study
creatinine, urea, and phosphorus concentrations increased when cats were 
fed a high salt diet62 whereas in other studies the markers of kidney 
function were unaffected by a high dietary salt intake.
 
Historically, there has been controversy about the use of sodium 
chloride to stimulate thirst and diuresis, as it could also potentially affect 
I n t r o d u c t i o n  
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 depletion with the development of 
also be 
20 
urine 
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urinary calcium excretion, blood pressure and renal disease
recent studies in cats have refuted this theory, and support the use
moderate increases in sodium to help maintain urinary tract health.
other hand, while sodium chloride (NaCl) has been reported to increase 
urinary calcium excretion62 other authors have not found effect on salt on 
calcium or magnesium excretion by urine.
between salt consumption and renal handling of calcium and magnesium, 
which is reflected by changes in PTH.
been associated with increased urinary calcium excretion, and similar 
observations were initially made in dogs
salt-enriched diets could promote calcium oxalate urolithiasis and that 
diets for management of FLUTD should thus be salt
.81 However, 
 of 
 On the 
120 Recent work supports a link 
64 In humans, high salt intake has 
.67 This led to the assumption that 
-restricted.81 
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AIMS AND SCOPE 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The present work aims to study mineral 
the relationship between calcium metabolism and major hormones 
involved in it, the main changes in the parameters of feline mineral 
metabolism during the juvenile stage and, finally, the study of 
metabolism in cats fed with calculolytic diets.
  
Thus, the Doctoral Thesis has the following 
 
1. To validate commercially available human I
assays for measurement of feline PTH
 
Since there are no specific assays for the quantification of feline PTH, 
the ability to use assays designed for the quantification of human PTH and 
to employ them for measurement in other species is an aspect which has a 
great relevance in the field of veterinary medicine. In previous 
investigations our research group conducted si
animal species.33,35 Focusing on the feline species, there are reports in the 
literature about validated assays for quantification of I
currently these assays are no longer available.
generation W-PTH assay that is replacing the gold standard position 
because of its specificity and apparently clinical utilities has not been 
evaluated in cats.  
 
Our hypothesis is linked with the fact that commercial assays developed 
for humans have been used successfully for some veterinary species, due 
to sequence homology of human and animal PTH. 
hypothesize that measurement in feline samples with a human PTH assay 
should be suitable for the quantification of this hormone in cats.
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metabolism in cats, including 
mineral 
 
objectives: 
-PTH and W-PTH 
 
milar studies in other 
-PTH in cats, but 
5,12,86 Moreover, the third-
Therefore, we 
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2. To characterize the dynamics of PTH secretion in response to 
changes in extracellular calcium in healthy cats
 
The study of dynamics of PTH secretion through the PTH
provides important insights of the regulatory mechanisms involved in 
calcium homeostasis and represents the basis to understand the 
pathophysiology of endocrine disorders of calcium metabolism.
research group has extensive experience in the study of the PTH
in several species.1,9,33,36  
 
Our hypothesis is that changes 
range from hypo- to hypercalcemia, will induce changes in plasma PTH 
levels which allow characterization of the feline PTH
 
 
3. To describe changes in the main parameters involved in mineral 
metabolism (calcium, phosphorus, magnesium, PTH, calcitriol, and 
calcidiol) during the growing process in 
months 
 
In cats, knowledge about blood parameters related to mineral 
metabolism is scanty and there are only a few reports about changes in 
plasma minerals with growth.63,65
measurements obtained in healthy young animals to compare with clinical 
cases, no information is available on changes in calcio
growing cats. Processes affecting young animals
nutritional secondary hyperparathyroidism are described in the 
literature.44,45,53,68,82,103,107,108 In these cases the cornerstone of the diagnosis 
is focused on the quantification of the main parameters involved in 
mineral metabolism. Thus, reliable reference values for young patients are 
needed for accurate diagnosis. 
 
-Ca curve 
 Our 
-Ca curve 
in plasma calcium concentration, in a 
-Ca curve.  
healthy cats aged 3 to 15 
 Moreover, apart from scattered 
tropic hormones in 
 such as rickets or 
  
We hypothesize that mineral metabolism in growing animals is 
subjected to changes derived from the different rates of bone growth along 
time and these changes are reflec
minerals and hormones that participate in their homeostasis. Thus, blood 
parameters of mineral metabolism should be different in the young 
growing animal and in the adult.  
 
 
4. To validate a commercially available human CT assay 
quantification of feline CT and to provide normal values in healthy 
cats 
 
Information about CT in domestic animals is fragmentary. A specific 
assay for quantification of canine CT has been described
measurement of plasma CT concentrations in horses has been recently 
reported,95 but to our knowledge no similar data are available for ca
 
Our hypothesis is that assays that quantify human CT can be used for 
measurement of feline CT.  
 
 
5. To characterize the dynamics of CT secretion in response to 
experimentally induced hypercalcemia and the related changes in 
extracellular iCa concentration in 
 
Although CT has always been considered a hormone with a secon
role in mineral metabolism, the study of dynamics of CT secretion to 
changes in calcium concentration would be interesting. Abnormalities of 
calcium metabolism such as hypercalcemia of malignancy, hypo
hypercalcemia associated with renal failure and nutritional disor
common in cats.7,98 Moreover, cats can develop derangements of calcium 
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metabolism such as idiopathic hypercalcemia, which has unknown 
etiopathogenesis.73  
We hypothesized that changes in plasma calcium concentration, in a 
range from hypo- to hypercalcemia, will induce changes in plasma CT 
levels which allow characterization of the feline CT
 
 
6. To evaluate the influence of two calculolytic diets on parameter
mineral metabolism in cats 
 
Experimental and clinical investigations have 
of dietary modifications in medical protocols designed to treat and prevent 
feline lower urinary tract signs. Thus, nutritional management with 
calculolytic diets is quite effective in preventing and treating struvite 
uroliths in cats.61 These diets are formulated to modify urine by reducing 
pH, specific gravity and mineral content.
composition, these diets promote a higher 
consumption.62,120 Acidosis is known to have an influence in mi
metabolism by increasing PTH secretion, promoting bone resorption, 
decreasing vitamin D and altering urinary handling of minerals. Lowering 
urine pH may influence the urinary excretion of minerals, like calcium and 
magnesium.120 
 
Our hypothesis is that feeding calculolytic diets would
excessive urinary waste of minerals and, as a consequence, would modify 
blood parameters of mineral metabolism.
-Ca curve.   
s of 
confirmed the importance 
61 In addition, because their 
increase in water 
neral 
 promote 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SCIENTIFIC ARTICLES 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SCIENTIFIC ARTICLE #1 
Pineda C, Aguilera-Tejero E, Raya AI, Diez E, Rodriguez M, Lopez I. Feline 
parathyroid hormone: validation of hormonal assays and dynamics of secretion. 
Domest Anim Endocrinol 2012; 42: 256-264 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SCIENTIFIC ARTICLE #2 
Pineda C, Aguilera-Tejero E, Guerrero F, Raya AI, Rodriguez M, Lopez I. Mineral 
metabolism in growing cats: changes in the values of blood parameters with age. J 
Feline Med Surg 2013; 15: 866-871 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SCIENTIFIC ARTICLE #3 
Pineda C, Aguilera-Tejero E, Raya AI, Guerrero F, Rodriguez M, Lopez I. 
Assessment of calcitonin response to experimentally induced hypercalcemia in 
cats. Am J Vet Res 2013; 74: 1514-1521 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SCIENTIFIC ARTICLE #4 
Pineda C, Aguilera-Tejero E, Raya AI, Montes de Oca A, Rodriguez M, Lopez I. 
Effects of calculolytic diets on feline mineral metabolism. In Press 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Effects of calculolytic diets on feline mineral metabolism 
 
C. Pinedaa, E. Aguilera-Tejeroa*, A. I. Rayaa, A. Montes de Ocaa, M. 
Rodriguezb, I. Lopeza 
 
aDepartment of Medicina y Cirugia Animal, Universidad de Cordoba, Campus 
Universitario de Rabanales, Ctra. Madrid-Cadiz km 396, 14014 Cordoba, Spain 
bDepartment of Nefrologia y Unidad de Investigacion, Hospital Universitario Reina 
Sofia, Avenida Menendez Pidal s/n, 14004, Cordoba, Spain 
 
------------------------------------------------------------------------------------------------ 
ABSTRACT 
The influence of two calculolytic diets on mineral metabolism was evaluated in 
fourteen cats.  Feeding the calculolytic diets for two months did not alter plasma 
concentrations of calcium (ionized and total), phosphorus, magnesium and 
parathyroid hormone. However, a marked decline in calcitriol was observed after 
administering both treatment diets: from 111.0 ± 11.7 to 91.1 ± 11.6 pg/mL (Diet 
1) and from 110.4 ± 12.5 to 82.5 ± 9.6 pg/mL, P<0.05 (Diet 2). Cats fed Diet 1 
showed a significant increase in urine Ca concentration (from 1.3 ± 0.1 to 1.9 ± 0.1 
mg/dL). Magnesium concentration in urine was significantly increased with both 
diets, from 2.8 ± 0.3 to 4.0 ± 0.2 mg/dL (Diet 1) and from 2.7 ± 0.3 to 4.4 ± 0.6 
mg/dL (Diet 2). Both diets resulted in an increased urinary concentration of 
magnesium, through different mechanisms: urine acidification (Diet 1) and 
increased sodium load (Diet 2).   
 
Keywords: Calculolytic diet, Cats, Mineral metabolism 
--------------------------------------------------------------------------------------------------------- 
 
1. Introduction 
 
Nutritional management, 
through the use of calculolytic 
diets, is quite effective both in 
preventing and treating struvite 
uroliths in cats (Kerr, 2013). Diets 
for the prevention or treatment of 
struvite uroliths in cats are 
designed to modify urine by 
reducing pH (adding methionine, 
ammonium chloride, etc), and 
urinary minerals (reducing Mg, P) 
(Kerr, 2013). In addition, these 
diets usually include a high sodium  
 
 
chloride (NaCl) concentration, 
which is intended to increase 
water consumption (Kirk et al., 
2006; Xu et al., 2009) and thus 
would increase the urine volume 
and can result in a higher dilution 
of the urine.  Since calculolytic 
diets are fed for prolonged periods 
(months to years) they are 
potentially able to modify mineral 
metabolism and, in fact, a debate 
about their safety has been raised 
(Ching et al., 1989).  
  
Acidosis is known to influence 
mineral metabolism in cats by 
increasing parathyroid hormone 
(PTH) secretion, promoting bone 
resorption, decreasing calcitriol 
(1,25 (OH)2 D3) concentrations in 
the blood and altering urinary 
handling of minerals (Ching et al., 
1989). Lowering urine pH may 
increase the urinary excretion of 
minerals, like calcium (Ca) and 
magnesium (Mg) (Ching et al., 
1989). However, although its 
etiopathogenesis is unknown, it 
has also been suggested that 
acidifying diets may be related to 
feline idiopathic hypercalcemia 
(Midkiff et al., 2000).  
The effect of high dietary salt 
concentrations on feline mineral 
metabolism is controversial: while 
dietary NaCl has been reported to 
increase urinary fractional 
excretion (FE) of Ca (Kirk et al., 
2006) other authors have not 
found effect of dietary salt on 
urinary Ca or Mg concentrations 
(Xu et al., 2009). Recent work in 
rats supports a link between salt 
consumption and renal handling of 
Ca and Mg, which is reflected by 
increases in PTH (Lee et al., 2012).   
The objective of this study was 
to evaluate the influence of two 
calculolytic diets on parameters of 
mineral metabolism in cats that 
had received the diets over a 
period that is recommended by 
the manufacturers (two months). 
Our hypothesis was that these 
diets, which were formulated with 
low concentrations of specific 
minerals (Mg, P) and at the same 
time were designed to acidify 
urine and/or increase diuresis, 
would modify blood parameters of 
mineral metabolism.    
 
2. Materials and methods 
 
2.1 Animals  
Fourteen sexually-intact 
European short-hair cats (7 males, 
7 females), aged 19.2 ± 0.2 months 
and weighing 3.5 ± 0.2 Kg were 
studied. Cats were randomly 
chosen from five different litters 
born in a research colony and 
were kept in a cattery belonging to 
the Animal House Facility of the 
University of Cordoba. Cats were 
considered healthy on the basis of 
a normal physical examination, 
normal hemogram and normal 
biochemical profile. All 
experimental procedures were 
approved by the Ethics Committee 
of the University of Cordoba (File 
Number: 1320, Approval Date: 
February 2009).  
 
2.2 Study Design 
 
Two dry commercial diets 
designed for struvite urolith 
dissolution were evaluated: Diet 1 
(Prescription Diet Feline s/d, 
Hill’s, Madrid, Spain) and Diet 2 
(Veterinary Diet Urinary S/O 
Feline, Royal Canin, Aimargues, 
France). Diet composition is 
shown in Table 1. The study was  
  
Table 1 
Composition based on dry matter (as 
supplied by the manufacturer) of the 
diets fed to the cats during the study. 
Control diet, Advance Cat Adult Chicken & 
Rice, Affinity-Petcare, Barcelona, Spain; 
Diet 1, Prescription Diet Feline s/d, Hill’s, 
Madrid, Spain; Diet 2, Veterinary Diet 
Urinary S/O Feline, Royal Canin, 
Aimargues, France; Ca, calcium; P, 
phosphorus; Mg, magnesium; Na, sodium; 
K, potassium; Cl, chloride. 
 
 
designed as a two sequence, four 
period cross-over protocol with a 
baseline period in which a 
standard diet were fed, two 60 
days ‘run-in’ periods, in which 
calculolytic diets (Diet 1 and Diet 
2) were fed, and one 30 days 
‘wash-out’ period in which the 
standard diet was fed. 
Prior to commencement of the 
study, cats were fed a dry adult 
feline maintenance diet (Advance 
Cat Adult Chicken & Rice, Affinity-
Petcare, Barcelona, Spain) for 6 
months. The cats were routinely 
fed ad libitum.  
At the beginning of the study 
cats were randomly divided into 
two groups each receiving one of 
the two treatment diets (Diet 1 
and Diet 2) and they were fed for 
60 days. Blood and urine were 
collected before starting feeding 
the treatment diets and after 30 
and 60 days. The maintenance 
diet was then fed for one month 
during the ‘wash-out’ period. 
After the ‘wash-out’ period the 
two diets were reversed for the 
treatment groups during 60 
additional days, following the 
same sampling schedule.  
A full complete blood count, 
biochemical profile and urinalysis 
were performed at the beginning 
and at the end of the study, 
whereas a complete urinalysis 
with FE of Ca, Mg, P, Na, Cl and 
potassium (K), selected 
biochemical parameters (iCa, tCa, 
Mg, P, PTH, and calcitriol) and 
electrolytes (Na, K, Cl) were 
measured on day 30 and day 60 of 
the study. Results for the 
significant variables for each 
sequence were averaged for the 
two periods.  
 
2.3 Laboratory measurements 
 
Blood samples were obtained 
under anaerobic conditions in 
heparinized tubes (Greiner Bio-
One, Kremsmunster, Austria). 
Plasma iCa, Na, K and Cl were 
measured in whole blood 
immediately after collection using 
Nutrients 
Control 
diet 
Diet 1 Diet 2 
Protein (%) 35.0 34.5 34.5 
Carbohydrate (%) 30.0 31.9 29.5 
Lipid (%) 16.0 26.7 15.0 
Fiber (%) 1.5 0.9 2.7 
Metabolizable 
Energy (Kcal/Kg) 
4180 4590 4070 
Ca (%) 1.10 0.87 0.80 
P (%) 1.00 0.71 0.70 
Ca:P ratio (%) 1.10 1.23 1.14 
Mg (%) 0.085 0.06 0.05 
Na (%) 0.30 0.40 0.90 
K (%) 0.80 0.95 1.00 
Cl (%) 1.05 1.31 1.90 
Vitamin D (μg/Kg) 37.5 14.7 19.1 
  
selective electrodes (Bayer 
Diagnostics, Barcelona, Spain); 
then, samples were centrifuged at 
3500 rpm for 10 minutes and 
plasma was frozen at -20 ºC. Total 
Ca, P, Mg, creatinine and albumin 
were quantified by 
spectrophotometry (BioSystems 
SA, Barcelona, Spain).  
Plasma concentrations of 
calcitriol were measured using a 
radioimmunoassay 
(Immunodiagnostic Systems Ltd, 
Boldon, UK) that has been 
validated for cats (Pineda et al., 
2013). Parathyroid hormone was 
measured using an 
immunoradiometric assay 
(Scantibodies Laboratory Inc, 
Santee, CA, USA) designed for the 
quantitative determination of 
human “intact” PTH validated by 
our laboratory for measurement of 
feline PTH (Pineda et al., 2012). 
Urine samples (approximately 
5 mL) were obtained by 
cystocentesis. Immediately after 
collection, urinary pH (Panreac, 
Quimica S.A., Barcelona, Spain) 
and specific gravity (Zuzi, Auxilab 
S.L., Beriain, Spain) were 
measured. The urine was stored at 
-20 ºC before further analysis. 
Total Ca, P, Mg and creatinine 
were quantified by 
spectrophotometry (BioAssay 
Systems, Hayward, CA, USA (tCa) 
and BioSystems SA, Barcelona, 
Spain (P, Mg and creatinine). Na, K 
and Cl were quantified in urine 
samples by ion-selective indirect 
potentiometry (Abbott 
Diagnostics, Madrid, Spain). 
Fractional excretion for each 
electrolyte was calculated 
according to the following 
equation:  
FE (%) = [(Ue x Pcreat) / (Pe x Ucreat)] 
x 100,  
where Ue is the urine electrolyte 
concentrations, Pcreat is the plasma 
creatinine concentration, Pe 
plasma electrolyte concentration 
and Ucreat is the urine creatinine 
concentration. 
 
2.4 Statistical analysis 
 
Statistical analysis was performed 
with statistical software (SPSS for 
Windows 15.0, Chicago, USA). A 
Kolmogorov-Smirnov test was 
carried out to test for normality. 
All data sets, except plasma PTH, 
plasma calcitriol, urine pH and 
urine Cl concentration, presented 
normal distribution. For normally 
distributed data, comparisons 
between diets and at different 
times were carried out with the 
paired Student t test. Mann-
Whitney analysis followed by a 
post hoc rank total test was used 
for plasma PTH, plasma calcitriol, 
urine pH and urine Cl 
concentration. Correlation was 
studied with the Pearson test.  A P 
value less than 0.05 was 
considered significant. Results are  
 
  
Table 2 
Parameters of mineral metabolism in 
plasma samples obtained from cats 
before (0 days) and after (30 and 60 
days) being fed calculolytic diets (Diet 
1 and Diet 2). 
Diet 1, Prescription Diet Feline s/d, Hill’s, 
Madrid, Spain; Diet 2, Veterinary Diet 
Urinary S/O Feline, Royal Canin, 
Aimargues, France; iCa, ionized calcium; 
tCa, total calcium; P, phosphorus; Mg, 
magnesium; PTH, parathyroid hormone. 
Comparison between times: a P>0.05 vs 
time 0. 
 
 
expressed as the mean ± standard 
error. 
 
 
3. Results 
 
Changes in the parameters 
under study after feeding 
calculolytic diets were compared 
with baseline values obtained 
when cats were fed the standard 
diet. Plasma creatinine 
concentration was unaffected with 
Diet 1 and tended to decrease with 
Diet 2 (from 1.2 ± 0.1 to 1.1 ± 0.1 
mg/dL, at 30 days, P<0.05).  
Feeding on the calculolytic 
diets for two months did not alter 
plasma concentrations of 
iCa, tCa, P, Mg and PTH. 
However, a marked 
decline  in calcitriol was 
observed after 
administering both 
treatment diets: from 
111.0 ± 11.7 to 91.1 ± 11.6 
pg/mL (Diet 1) and from 
110.4 ± 12.5 to 82.5 ± 9.6 
pg/mL (Diet 2)  P<0.05 
(Table 2). No changes in 
plasma K and Cl were 
found after feeding the 
calculolytic diets. A 
tendency to decreased plasma Na, 
which was significant with Diet 2 
at 30 days (from 157.3 ± 1.1 to 
153.6 ± 0.7 mmol/L, P<0.05) was 
identified. 
Both diets decreased urine specific 
gravity and the decrease was more 
accentuated at 30 days, from 1069 
± 2 to 1061 ± 3 g/mL (Diet 1) and 
from 1065 ± 4 to 1051 ± 2 g/mL 
(Diet 2). Changes in urine pH were 
only observed after feeding Diet 1 
(from 6.2 ± 0.3 to 5.7 ± 0.1, at 60 
days, P<0.05). Cats fed Diet 1 
showed a significant increase in 
urine Ca concentration (from 1.3 ± 
0.1 to 1.9 ± 0.1 mg/dL) and FECa 
(from 0.06 ± 0.01 to 0.08 ± 0.01%) 
at 60 days. 
  
 
 
 Time (days) 
 0 30 60 
 Diet Mean ± SE Mean ± SE Mean ± SE 
iCa  
(mmol/L) 
1 1.3 ± 0.01 1.3 ± 0.01 1.3 ± 0.01 
2 1.3 ± 0.01 1.3 ± 0.01 1.3 ± 0.01 
tCa  
(mg/dL) 
1 9.9 ± 0.4 9.9 ± 0.2 9.8 ± 0.2 
2 9.8 ± 0.3 9.7 ± 0.3 10.7 ± 0.6 
P  
(mg/dL) 
1 5.1 ± 0.3 4.7 ± 0.2 4.6 ± 0.3 
2 5.0 ± 0.3 5.1 ± 0.4 4.9 ± 0.3 
Mg  
(mg/dL) 
1 2.3 ± 0.1 2.3 ± 0.1 2.1 ± 0.1 
2 2.2 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 
PTH 
 (pg/mL) 
1 8.9 ± 2.0 7.8 ± 1.7 5.6 ± 1.5 
2 7.8 ± 1.6 7.8 ± 1.7 7.0 ± 1.5 
Calcitriol 
(pg/mL) 
1 111.0 ± 11.7 96.0a ± 12.0 91.1a ± 11.6 
2 110.4 ± 12.5 84.8a ± 9.8 82.5a ± 9.6 
  
Table 3 
Minerals in urine samples obtained 
from cats before (0 days) and after 
(30 and 60 days) being fed calculolytic 
diets (Diet 1 and Diet 2). 
Diet 1, Prescription Diet Feline s/d, Hill’s, 
Madrid, Spain; Diet 2, Veterinary Diet 
Urinary S/O Feline, Royal Canin, 
Aimargues, France; UCa, urine calcium; 
FECa, fractional excretion of calcium; UP, 
urine phosphorus; FEP, fractional 
excretion of phosphorus; UMg, urine 
magnesium; FEMg, fractional excretion of 
magnesium. 
Comparison between times: a P>0.05 vs 
time 0; b P>0.05 vs time 30. Comparison 
between diets: * P>0.05 vs Diet 2. 
 
 
Urine P concentration was 
decreased 30 days after feeding 
both diets and tended to recover at 
60 days. Fractional excretion of P 
only decreased after feeding Diet 1 
for 30 days (from 26.4 ± 2.4 to 
17.6 ± 2.0%). Magnesium 
concentration in urine was 
increased with both diets, from 2.8 
± 0.3 to 4.0 ± 0.2 mg/dL (Diet 1) 
and from 2.7 ± 0.3 to 4.4 ± 0.6 
mg/dL (Diet 2). However, 
significant differences in FEMg 
were only found after feeding Diet 
2 for 30 days (Table 3). Fractional 
excretions of Na, and 
Cl remained 
unaffected in cats 
receiving Diet 1 and 
were increased 
(P<0.05) 60 days 
after feeding Diet 2 
(FENa: 0.88 ± 0.06 vs 
0.26 ± 0.05%; FECl: 
1.20 ± 0.09 vs 0.71 ± 
0.17%).  
A strong 
correlation between 
FENa and FEMg was 
observed when cats 
were fed Diet 2 
(r=0.795, P=0.001) but not when 
they received Diet 1 (r=-0.182, 
P=0.571) (Figure 1). An inverse 
correlation between urine pH and 
FEMg (r= -0.376, P=0.001) and 
FECa (r= -0.277, P=0.018) was 
measured after feeding both diets. 
 
 
4. Discussion and conclusions 
 
As would be expected, all diets 
used in the study provided the 
basic nutrient requirements for 
cats (NRC, 2006). The calculolytic 
diets had lower mineral content 
(lower Ca, P and Mg) and lower 
vitamin D concentration than the 
standard diet. However, no major 
changes in the plasma 
concentrations of iCa, tCa, P and 
Mg were found after feeding the 
 Time (days) 
 0 30 60 
 Diet Mean ± SE Mean ± SE Mean ± SE 
UCa 
(mg/dL) 
1 1.3 ± 0.1 1.4 ± 0.1 1.9a,b,* ± 0.1 
2 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 
FECa  
(%) 
1 0.06 ± 0.006 0.06 ± 0.003 
0.08a,b,* ± 
0.006 
2 0.06 ± 0.006 0.06 ± 0.008 0.05 ± 0.005 
UP  
(mg/dL) 
1 281.4 ± 18.1 200.8a,* ± 17.7 270.6b,* ± 23.8 
2 235.5 ± 25.0 139.1a ± 11.2 167.4a ± 16.1 
FEP  
(%) 
1 26.4 ± 2.4 17.6a ± 2.0 24.4b,* ± 2.4 
2 22.6 ± 3.2 15.9 ± 2.5 16.4 ± 1.3 
UMg 
(mg/dL) 
1 2.8 ± 0.3 4.3a ± 0.3 4.0a ± 0.2 
2 2.7 ± 0.3 4.1a ± 0.4 4.4a ± 0.6 
FEMg  
(%) 
1 0.6 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 
2 0.6 ± 0.1 1.0a ± 0.2 1.0 ± 0.2 
  
calculolytic diets. Thus, the 
reduced Ca, P and Mg content of 
these diets seems to be sufficient 
to maintain normal plasma levels 
of these macroelements. The finely 
tuned homeostatic mechanisms 
(mainly PTH secretion which 
regulates bone resorption and 
urinary excretion) maintain 
plasma Ca, Mg and P 
concentrations quite constant and 
changes in these minerals are 
usually found after receiving an 
inappropriate supply over a long 
period. Although changes in 
plasma mineral concentration 
would likely be undetectable, an 
inadequate calcium supply would 
be reflected by an increase in 
plasma PTH. Since no changes in 
plasma PTH were detected it 
would be reasonable to conclude 
that the low mineral 
concentrations in calculolytic diets 
are adequate to provide basic 
needs.  
The lower vitamin D content of 
the calculolytic diets (when 
compared with the standard diet) 
resulted in a decrease in the 
plasma concentration of calcitriol, 
the major vitamin D metabolite. 
The significance of these reduced 
calcitriol levels is questionable. 
The concentrations of calcitriol 
measured after feeding calculolytic 
diets are within normal reference 
ranges (Pineda et al., 2013) and 
did not affect plasma Ca 
concentrations. Moreover, as 
noted above, the lower calcitriol 
concentrations were not 
accompanied by any increase in 
PTH. Current recommendations 
for vitamin D intake in cats are 
6.25 μg/Kg (NRC, 2006), however 
the exact vitamin D requirements 
for cats remain unclear. In other 
species vitamin D requirements 
have been established by 
determining the point at which a 
decrease in vitamin D intake gives 
rise to an increase in plasma PTH 
concentrations (IOM, 2011). 
Following this criterion vitamin D 
concentrations provided by the 
present calculolytic diets seem to 
be sufficient to meet normal 
requirements in healthy cats. In 
fact, the concentrations of vitamin 
D in calculolytic diets could be 
more appropriate for cats than the 
high concentrations normally 
found in standard diets. This 
contention is not new, as it has 
been suggested that feline 
standard diets are 
oversupplemented with vitamin D 
and this may lead to dental 
problems and hypercalcemia in 
some cats (Midkiff et al., 2000; 
Reiter et al., 2005).  
Both calculolytic diets 
decreased urine specific gravity. 
This effect was more accentuated 
with Diet 2 and was likely due to 
its higher salt content. The 
decrease in urine specific gravity 
was accompanied by a significant 
decrease in plasma creatinine 
concentration in cats receiving 
Diet 2, suggesting a diuretic effect 
  
of the dietary salt which would be 
related to increased water intake. 
The impact of dietary NaCl on 
water intake in cats has been 
experimentally evaluated.  
Anderson (1982) reported that 
cats fed diets with low (1.4% DM) 
NaCl had lower water intake when 
compared with those fed a high 
(4.6% DM) NaCl diet (130 vs 250 
mL water/day). Additionally, a 
diet with elevated Na content has 
been reported to increase urine 
volume and decrease both urine 
specific gravity and urine calcium 
oxalate relative supersaturation 
(Hawthorne and Markwell, 2004). 
In humans, high Na intake has 
been related to the development of 
hypertension and osteoporosis 
(Heaney, 2006; Woo et al., 2009). 
However, in healthy cats feeding 
diets high in Na does not seem to 
have deleterious consequences in 
terms of blood pressure and bone 
mineral content (Xu et al., 2009; 
Reynolds et al., 2013). Thus, 
increasing salt intake may be a 
viable option to promote diuresis 
in cats; however, the tolerance to 
diets with high NaCl content may  
be reduced in cats with 
compromised renal function, a 
common scenario in cats requiring 
calculolytic diets (Kerr, 2013).  
Urine pH was significantly 
decreased when cats were fed Diet 
1 but not when they were fed Diet 
2. The reduction in urine pH may 
have influenced the increased 
urinary excretion of Ca and Mg in  
Figure 1 – Correlation between fractional 
urinary excretion of sodium (FENa) and 
fractional urinary excretion of magnesium 
(FEMg) in cats fed Diet 1 (a) and Diet 2 
(b). 
 
 
cats fed Diet 1, as shown by the 
correlation study and supported 
by previous data in the literature 
(Ching et al., 1989). In other 
species, dietary changes leading to 
metabolic acidosis may increase 
glomerular filtration of Ca, 
decrease renal tubular 
reabsorption of Ca and promote 
skeletal mobilization of Ca 
(Zerwekh and Pak, 1982). In adult 
cats, dietary acidification has been 
  
reported to cause hypercalciuria 
(Ching et al., 1989; Ching et al., 
1990) and hypermagnesiuria 
(Houillier et al., 1996). The 
increase in urinary Ca and Mg 
seems to be mediated by a 
decrease in tubular Ca and Mg 
reabsorption, independent of PTH, 
but dependent on changes in net 
acid excretion. The available data 
suggest that acid load influences 
the reabsorption of divalent 
cations at the thick ascending limb 
of Henle's loop (Houillier et al., 
1996). 
   As expected by the low P 
content of the diets, urine P 
concentration and FEP tended to 
decrease compared to feeding the 
standard diet with a higher P 
concentration. It is interesting to 
note that the decrease was more 
marked on day 30 of the study 
compared to day 60 of the study. 
Thus, it seems that the kidney 
adapts to the lower P intake and 
tends to stabilize FEP with time. 
Therefore, the decrease in urine P 
concentration, that would help to 
prevent struvite crystal formation, 
may be transitory.  
An interesting finding of this 
work was the increase in urine Mg 
concentration and FEMg after 
feeding the calculolytic diets, an 
effect that was more evident with 
Diet 2. This increase in urinary Mg 
seems both paradoxical, since the 
diets, especially Diet 2, have lower 
Mg concentrations compared to 
standard diets, and 
counterproductive to prevent 
struvite crystal formation. The 
increase in urine Mg excretion 
after feeding Diet 1 is likely 
influenced by the decrease in urine 
pH, as discussed above. In cats 
receiving Diet 2, the increase in Mg 
excretion by urine seems to be 
associated to the high Na content 
of the diet and the subsequent 
increase in urinary Na excretion. 
In experimental rodent models 
and in humans an increase in salt 
intake has been shown to increase 
urinary Ca and Mg loss (Chan et al., 
1992; Massey and Whiting, 1996; 
Lee et al., 2012) suggesting that 
after modification of dietary salt 
and water intake the kidney 
adapts with corresponding 
changes in divalent cation 
excretion. In our study, correlation 
between Na and Mg excretion was 
excellent when the diet was high 
in Na but non-existent when Na 
content was normal. Thus, our 
results support the influence of Na 
intake on divalent cation excretion 
by urine in cats, although in the 
cats of the present study the effect 
was mostly seen in Mg and, to a 
lower extent, in Ca. 
In conclusion, contrary to our 
hypothesis, the calculolytic diets 
did not seem to negatively affect 
mineral metabolism. Although a 
decrease in plasma calcitriol 
levels, related to the lower vitamin 
D content of calculolytic diets, has 
been found, the clinical 
significance of this finding is 
  
questionable. Both diets resulted 
in an increased urinary excretion 
of Mg through different 
mechanisms: urine acidification 
and increased Na load.  
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The discussion of the work that has been done in this Doctoral Thesis will 
be divided by objectives: 
 
1. Validation of commercially available human I
assays for measurement of feline PTH
 
In domestic animals measurements of certain endocrine parameters
often difficult to make by the lack of assays using specific antibodies for 
each species. It has been demonstrated that the PTH molecule is similar in 
different species.11,109 For that reason, 
reliably to measure PTH in mammals. In fact, human PTH assays have been 
successfully validated for measurement in domestic animals.
 
In the present work two PTH assays (I
validated by assessment of their accuracy, precision, 
reproducibility, and also by evaluating changes in PTH after modifying 
plasma calcium concentrations. 
 
In a previous study Barber et al.
measurement of feline PTH but this assay is currently not available. In the 
present Doctoral Thesis, a commercially available assay for mea
of I-PTH and W-PTH has been validated for measurement of feline PTH. 
Values of precision (9.8% to 11.1%) and sensitivity (2 pg/mL) were found 
to be somewhat better in our study when compared with the data obtained 
by Barber et al.5 (precision 12.7%; sensitivity 3.9 pg/mL). Furt
Williams et al.118 have recently validated the same I
used in our study. Similarly when compared our results with 
(precision 18.9%; sensitivity 5.2 pg/mL) we have obtained slightly better 
values.  
 
On the other hand, both assays (I
assay precision. However, the interassay coefficients of variability were 
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slightly greater when measuring W
work of Estepa et al.,33 who observed
PTH than for I-PTH in equine samples. It is improbable that species 
differences explain this discrepancy. Variability in the assay production 
and/or sample handling seems more likely explanations.
 
In the present work the I-PTH levels in healthy ca
pg/mL. This value was similar to the data reported by 
5.3 pg/mL) (mean ± standard deviation). However, the data obtained by 
Williams et al.118 was slightly higher (13.8 
may be explained by the age of the animals
et al.120 was performed in a group of geriatric cats (older than nine years). 
Parathyroid hormone has previously been reported to be elevated in aged 
patients, suggesting that the increase in PTH with
common finding in elderly animals.
 
One interesting and somewhat unexpected finding found in our study 
was that greater PTH values were obtained when measuring with the W
PTH assay than when using the I
finding, the same phenomenon was found by our research group in a 
previous study of equine PTH.35 The greater W
be related to different affinity of the W
against feline PTH. Thus, the tracer antibo
used by the I-PTH assay, would have lower affinity for the feline PTH 
molecule than the tracer antibody against 1
assay. If this were the case, the I-PTH assay would be detecting both 1
PTH and N-terminal truncated fragments, but its ability to bind the 7
region would be inferior to the binding capacity of the antibody against the 
1-4 region and, consequently, the PTH concentration would be lower when 
measured with I-PTH than when measured with W
seems reasonable because the part of the PTH molecule that shows less 
interspecies variation is the amino
-PTH. This finding contrasts with the 
 a better reproducibility for the W-
 
ts were 9.1 ± 0.7 
Barber et al.5 (10.9 ± 
pg/mL). These higher values 
, because the study of Williams 
 ageing may be a 
2  
-
-PTH assay. Although it is an unusual 
-PTH than I-PTH values may 
-PTH and I-PTH tracer antibody 
dy against human 7-34 PTH, 
-4 PTH, used in the W-PTH 
-84 
-34 
-PTH. This hypothesis 
-terminal end.84 In addition, feline PTH 
  
has been reported to be similar to human PTH in the amino
portion109; therefore, heterologous antibodies should be more likely to 
bind the most amino-terminal part of the PTH molecule.
 
Our study has demonstrated that both assays were able to detect 
changes in PTH when plasma calcium was modified in the study of the 
PTH-Ca curve (increase in PTH during hypocalcemia and decrease in PTH 
during hypercalcemia).  
 
It is important to note that both assays can be used to measure PTH 
concentrations in feline samples and both assays have clinical utility. Intact 
PTH is more widely used in human an
available for the measurement of individual samples. However, W
values should reflect more accurately PTH activity than I
 
In conclusion, the results of our study demonstrated that the I
W-PTH assays were capable to measure feline PTH. Both assays showed 
good accuracy, precision, sensitivity, reproducibility, and ability to detect 
changes in PTH in response to changes in calcium.
 
 
2. Dynamics of PTH secretion in response to changes in extrac
calcium in healthy cats 
 
To assess the PTH response to changes in plasma calcium 
concentrations, hypo- and hypercalcemia were induced in a group of 
healthy cats. It is known that the PTH response to changes in calcium is 
best represented by the PTH-Ca cu
against calcium in a range of calcium concentrations.
 
Dynamics of PTH secretion were evaluated with both PTH assays (I
PTH and W-PTH). The shape of the PTH
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assays was practically identical, which reinforces the concept that both 
assays are suitable for measurement of feline PTH.
 
When evaluating the variables derived from the PTH
and maximal W-PTH were greater than the corresponding values of I
However, minimal W-PTH and I
between W-PTH and I-PTH along the PTH
explained by secretion of different PTH fragments at different calcium 
concentrations, were best observed when studying the W
ratio. This ratio increased in response to hypocalcemia (when more 
“active” W-PTH is needed) and decreased during hypercalcemia (when 
less “active” W-PTH is required). This finding has been previously reported 
by our laboratory in horses.35 However, in dogs we were 
significant changes in the ratio during hypocalcemia.
 
The feline PTH-Ca curve showed
Ca curve1,34,96 especially when the W
maximal, and minimal W-PTH values in cats w
reported values in dogs. This is important because the dog has been 
extensively used as an animal model for the study of PTH and thus much of 
the information gathered in dogs could be substantially extrapolated to 
cats. Feline PTH-Ca curve also shared great similarity to the curve reported 
in humans.39  
 
In conclusion, the PTH-Ca curve in cats was similar to the canine curve 
and thus the extensive knowledge on dynamics of PTH secretion in dogs 
that can be found in the literature could be extrapolated to cats.
 
 
 
 
-Ca curve, basal 
-PTH. 
-PTH were similar. The differences 
-Ca curve, which could be 
-PTH/I-PTH 
unable to find 
36 
 notable similitude to the canine PTH-
-PTH values were considered. Basal, 
ere similar to the previously 
 
  
3. Changes in the main parameters involved in mineral metabolism 
(calcium, phosphorus, magnesium, PTH, calcitriol, and calcidiol) 
during the growing process in 
 
Concentrations of blood param
change along the growing process of the cat. Previous studies have 
reported that kittens younger than 8 weeks have greater plasma calcium 
than adults.65 Our results showed that between 3 and 12 months of age tCa 
concentration was significantly higher than values measured at 15 months. 
Moreover, the biologically active form of calcium, iCa, which to our 
knowledge, has not been studied in growing kittens, s
progressive decrease during the first year of life and stabilized between 12 
and 15 months of age. The difference in the reduction of iCa and tCa at 
younger ages may be explained by changes in plasma albumin. Lower 
albumin concentrations, as measured in younger cats,
tCa values and thus may explain why tCa was proportionally lower than 
iCa at these young ages. 
 
In the present study, a decrease in both plasma phosphorus and 
magnesium concentrations, which followed t
decline in tCa, has been identified. Previous studies have also reported that 
immature cats tend to have higher serum phosphorus concentrations.
However, age variations related to magnesium concentrations in kittens 
had not been reported previously.63
 
In relation to mineral metabolism hormones, plasma PTH 
concentrations (I-PTH and W-PTH) remained stable during the study 
period with only a small increase around 1 year of age, which does not 
seem to be relevant for diagnostic pu
values in growing cats that we have been able to find was provided by 
Tomsa et al.108 who measured I-PTH in seven healthy cats (4
and used then as control values to compare with cases of nutritional 
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secondary hyperparathyroidism. The I
al.108 (<3-28 pg/mL) are comparable with the I
measured in our study. 
 
As we described in the previous study of PTH in adult cats,
concentrations were also higher than I
kittens. We have reported an increase in the W
hypocalcemic adult cats, supporting the notion that this ratio tends to 
increase when more “active” PTH is needed.
be interpreted with caution when using heterologous assays, the decline in 
the W-PTH/I-PTH ratio with age detected in kittens would be consistent 
with a decrease in the need for “active” PTH once the skeletal growth is 
completed.  
 
In the present study fluctuations in 
concentrations have been detected during the growth process. These 
changes may be explained by the vitamin D requirements during this stage. 
One possible explanation for this finding, based on previous studies about 
vitamin D metabolites in other species,
pro-vitamin D, calcidiol, is lower because it is being used to produce 
calcitriol, and calcitriol is higher to facilitate skeletal growth. When the 
growing needs decrease calcitriol concentratio
to reduced demand, calcidiol increases.
 
The quantification of the vitamin D metabolites is essential in cases in 
which disturbances in mineral metabolism are suspected, especially in 
patients with bone disease. In the literature
has been described in kittens. In these cases evaluation of calcitriol and 
calcidiol concentrations is clinically relevant for the 
diagnosis.31,44,45,53,68,82,103,107 Two major subtypes of vitamin D
rickets have been reported in kittens
a defect in the gene encoding the enzyme 1
-PTH values reported by Tomsa et 
-PTH concentrations 
83 W-PTH 
-PTH concentrations in growing 
-PTH/I-PTH ratio in 
83 Although these ratios should 
calcitriol and calcidiol 
60,76,105 is that at younger ages the 
n also declines and, owing 
 
, vitamin D-dependent rickets 
-dependent 
: type I and type II. Type I is caused by 
-alphahydroxylase that 
  
converts calcidiol to calcitriol,44 while type II is associated with mutations 
in the gene encoding the vitamin D receptor (VDR).
type I cases, levels of calcidiol are increased but failure of the 
hydroxylation in the renal tubules leads to low levels of calcitriol. In type II 
cases, levels of calcidiol are either normal or decreased but levels of 
calcitriol are increased due to “receptor resistance”.
 
Given that the diagnosis of feline vitamin D
in the evaluation of calcitriol and calcidiol plasma concentrations, it is 
evident that to provide an accurate interpretation of vitamin D status 
reference values adequate to the age o
our knowledge, these reference intervals have not been available before 
and most authors have likely used adult reference ranges. Our results 
seem to indicate that calcitriol values in growing kittens were higher than 
previously thought.  
 
Reference intervals for calcidiol used previously in the diagnosis of 
rickets are comparable to our values. Our data we
results reported by Morris et al.,75 
vitamin D content on plasma calcidiol concentrations. They also found a 
tendency of increasing calcidiol with age that was more pronounced when 
diets with abnormally high vitamin D content were fed.
 
Thus, a major contribution of the present work is to provide values for 
calcitriol and calcidiol in growing kittens at different stages of skeletal 
maturity. In addition, given the fact that the concentrations of these 
metabolites are associated with growth, when used for dia
purposes, values should be compared with the range according to the age 
of the kitten. 
 
In conclusion, from 3 months to 15 months of age, cats showed a 
decrease in plasma minerals: calcium (both tCa and iCa), phosphorus, and 
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magnesium. No major changes in PTH (both I
evident, although the W-PTH/I-PTH ratio decreased significantly with age. 
A reciprocal change in vitamin D metabolites (decrease in calcitriol and 
increase in calcidiol) has been identified during the growing process
Moreover, the adult levels of all parameters under study were within the 
reference ranges of our laboratory for feline samples.
 
 
4. Validation of a commercially available human CT assay 
quantification of feline CT and providing normal values in healthy
cats 
 
Disturbances of calcium metabolism (eg, hypercalcemia of malignancy 
and hypo- or hypercalcemia associated with renal failure and nutritional 
disorders) are common in cats.7,98 Moreover, cats can develop unexplained 
hypercalcemia, such as idiopathic 
etiopathogenesis.73 To have a comprehensive understanding of these 
disorders, it is necessary to know the dynamics of secretion of calciotropic 
hormones. 
  
In cats as well as in most domestic animals, endocrine studies are often
complicated by the lack of assays with specific antibodies. It should be 
noted that CT molecules are quite similar among different species.
heterologous assays can be used to reliably measure CT concentration in 
some other mammals.  
 
Compared with PTH, information about CT in domestic animals is much 
more incomplete. Although a specific assay for quantification of canine CT 
has been described49 and measurement of plasma CT levels has been 
recently reported in horses,95 no data are available in cats
knowledge. 
 
-PTH and W-PTH) were 
. 
 
for 
 
hypercalcemia, with unknown 
 
74 Thus, 
 to our 
  
In our study, the CT assay was validated for use in cats by assessment of 
its precision, specificity, and sensitivity, and also by evaluating CT 
concentrations in plasma samples with different levels of calcium. 
 
In feline plasma samples, the CT assay had a limit of detection of 0.9 
pg/mL. The assay had an intra-assay coefficient of variation of 12.8% for 
feline samples with apparently normal plasma CT concentration (ie, 
samples from normocalcemic cats) and 4.5% for feline samples with 
plasma CT concentration (ie, samples from hypercalcemic cats). Interassay 
coefficient of variation ranged from 18.6% to 13.3%. Specificity was 
assessed by dilutional parallelism. A predictable dilution pattern was 
observed in samples with high CT conc
adequate dilutional parallelism with percentages of recovery ranging from 
124% to 129%.  
 
Our results showed very low CT concentrations in clinically healthy 
cats. It must be taken into consideration that it is not 
low CT concentrations in other species. In fact, healthy humans may have 
basal CT concentrations similar to what we have found in cats (0.9 to 3.2 
pg/mL) and nearly undetectable CT concentrations are considered normal 
in humans.87 
 
In conclusion, the results of our study demonstrated that CT assay can 
be used for measurement of feline CT.
specificity, and sensitivity. 
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5. Dynamics of CT secretion in response to experimentally induced 
hypercalcemia and the related changes in extracellular iCa 
concentration in healthy cats 
 
In domestic animals, the CT response to changes in calcium 
concentration has been studied in dogs and ho
intravenous bolus of calcium.49,95 Compared to cats, basal and maximum 
CT concentrations seemed to be higher both in dogs
Although previous studies49,95 provide evidence of CT response to changes 
in calcium concentration in domestic animals, those data do not allow a 
thorough evaluation of the CT-Ca curve. Thus, we had to compare results of 
the present study with data from rats, the only animal species for which a 
detailed CT-Ca curve has been described.
point of the curve for cats and rats 
maximum CT concentrations were much higher in rats than in cats. In 
addition, the heterogeneity in the CT
found in our group of cats has not been reported in other mammals, to our 
knowledge.  
 
The significance of CT in the control of mineral metabolism is quite 
different between species. It is known that, in rats, CT seems to be very 
important for avoiding development of hypercalcemia. R
study116 have indicated a tendency for rats to become hypercalcemic after 
thyroparathyroidectomy or after selective thyroidectomy. By contrast, in 
thyroidectomized cats, hypocalcemia is reportedly the main complication; 
hypocalcemia that develops in some cats after total thyroidectomy is 
assumed to be related to damage to the parathyroid glands.
the fact that the ablation of thyroid gland tissue does not result in 
hypercalcemia suggests that CT has less influence than PTH on cal
metabolism in cats. Taken together, the results of the present study (low 
basal CT concentration plus moderate and heterogeneous response to 
rses that received an 
49 and horses.95 
113,115,116 The shape and the set 
were similar. However, basal and 
 response to hypercalcemia that we 
esults of one 
77 Nonetheless, 
cium 
  
hypercalcemia) would support the contention that CT seems to have a 
secondary role in feline calcium homeostas
 
One of the more striking findings of the present study was the fact that 
some cats did not have an increase in plasma CT concentration in response 
to experimentally induced hypercalcemia. This surprising discovery was 
confirmed through repeated experi
concentrations were not increased at any time in nonresponder cats, the 
differences between the responders and nonresponders should be at the 
level of secretion rather than at the level of clearance. No significant 
differences were found in basal CT concentration between responders and 
nonresponders; however, considering that basal CT was very low in both 
subgroups, it would be unlikely to find such differences.
 
 When analyzing the iCa concentration changes as a result of the 
calcium chloride infusion, it was interesting to note that there was no 
difference between the two subgroups of cats. The rate of calcium changes, 
which has been shown to influence CT secreti
both responders and nonresponders. Thus, the absence of CT secretion did 
not result in a more profound hypercalcemia in nonresponders. 
 
To determine whether the lack of CT would be compensated by changes 
in PTH concentration, final PTH concentration at the end of hypercalcemia 
and the difference in PTH concentration (initial minus final 
concentrations) in both subgroups were compared. Again, no significant 
difference in either variable was found between responders and 
nonresponders on the basis of data obtained with I
Also, no differences in vitamin D status or in thyroid gland function were 
found between the two subgroups of cats. Immunohistochemical analysis 
of thyroid gland tissue revealed that the dens
higher in responders than in nonresponders. Thus, a histologic basis to 
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explain the disparate response to hypercalcemia between the two 
subgroups of cats was found. 
 
In humans, gender is known to affect the calcium response o
have higher basal CT concentrations and a more pronounced CT response 
to hypercalcemia than women.52 It is interesting to note that men have also 
been reported to have twice as many C cells as women.
lack of CT response to hypercalcemia was not related to sex, given that 
both males and females were included among the nonresponders. 
However, we believe that the disparity in the number of CT
found between the subgroups of cats and its correlation with CT response
to hypercalcemia is the basis of the heterogeneity in CT secretion found in 
the present study. 
 
Although the data obtained in the present study seem to support a 
minor role of CT in the control of iCa concentration in cats, it must be 
noted that we evaluated healthy cats that were induced to develop acute 
hypercalcemia and that the situation may be different in cats with chronic 
hypercalcemia. Since 1990, unexplained hypercalcemia has been 
increasingly noted as an incidental finding on serum biochemi
of cats and its pathophysiology remains unexplained.
findings of the present study, it could be rewarding to investigate plasma 
CT concentrations in cats with idiopathic hypercalcemia. In a chronic 
situation, nonresponders may have limited capacity to counteract 
hypercalcemia, not only because of the lack of direct hypocalcemic effect of 
CT but also because CT is known to decrease the calcemic response to 
PTH; thus, in the absence of CT, PTH would be expected to promote 
hypercalcemia.90 
 
In conclusion, the results of the present study demonstrated that CT 
assay was capable of detecting changes in CT response to changes in 
calcium. Moreover, the results indicated a heterogeneous CT response to 
f CT. Men 
47 In our study, the 
-positive C cells 
 
stry profiles 
73 Based on the 
  
hypercalcemia in cats. Two subgroups 
which plasma CT concentration increased during hypercalcemia and cats 
in which CT concentration remained very low even at very high iCa 
concentrations that are consistent with clinical hypercalcemia in cats. 
Although no deleterious effects in the acute response to hypercalcemia 
were detected in the nonresponders, cats in which plasma CT 
concentration did not increase could be predisposed to disorders of 
calcium metabolism.  
 
 
6. To evaluate the influence of two calculolytic 
mineral metabolism in cats 
 
Nutritional management, through the use of calculolytic diets, is quite 
effective in preventing and treating struvite uroliths in cats.
diets are fed for prolonged periods (months to years) t
able to modify mineral metabolism.
 
Compared with standard diets, the calculolytic diets used in this study 
have lower mineral content and lower vitamin D concentration. However
in this work, no major changes in the plasma levels of iCa, tCa, phosphorus, 
and magnesium were found after feeding the calculolytic diets. Although 
plasma mineral concentration can be maintained by increasing bone 
resorption, the lack of increase in PTH 
that in the cats under study an increase in bone resorption was not 
required to maintain the plasma concentration of minerals within normal 
ranges.  
 
The lower vitamin D content of the calculolytic diets (compared with 
the standard diet) resulted in a decrease in the plasma level of calcitriol, 
the major vitamin D metabolite. The significance of these reduced calcitriol 
concentrations is questionable. The concentration of calcitriol measured 
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after feeding calculolytic diets did not seem to impair calcium metabolism 
as reflected by normal calcium concentration. In addition, the lower level 
of calcitriol was not accompanied by any increase in PTH. 
recommendations for vitamin D intake in cats are 6.25 μg/kg,
the exact vitamin D requirements for cats remain unclear. 
vitamin D requirements have been established by determining the point at 
which a decrease in vitamin D intake gives rise to an increase in PTH 
concentrations.58 Following this criterion, th
provided by calculolytic diets are sufficient to meet normal requirements 
in healthy cats. In fact, the concentrations of vitamin D in calculolytic diets 
could be more appropriate for cats that the high concentrations normally 
found in standard diets. This contention is not new, as it has been 
suggested that feline diets are oversupplemented with vitamin D and this 
may lead to dental problems and hypercalcemia in some cats.
 
Both calculolytic diets had a diuretic effect as ref
in urine specific gravity. This effect was more accentuated with one of the 
diets under study and was likely due to its high salt content (diet2). The 
increase in urine output resulted in a modest but significant decrease in 
plasma creatinine concentration in cats receiving diet 2.
 
The impact of dietary NaCl on water intake has been examined 
experimentally in cats. Anderson4 reported that 
or low (1.4% of dry matter) NaCl had decreased water intake when 
compared with those fed a high (4.6% dry matter) NaCl diet (130 vs. 250 
mL/d). Additionally, diets with elevated 
sodium/MJ) have been reported to increase urine volume and decrease 
both urine specific gravity and urine calcium o
supersaturation.48 In humans, high sodium intake has been related to the 
development of hypertension and osteoporosis.
cats, feeding diets with high sodium content does not seem to have 
deleterious consequences in terms of blood pressure and bone mineral 
Current 
78 however 
In humans, 
e vitamin D concentration 
73,88 
lected by the decrease 
 
cats fed diets with no (0%) 
sodium content (11.5 to 16.7 g 
xalate relative 
51,119 However, in healthy 
  
content.89,120 Thus, increasing salt intake may be a viable option to 
promote diuresis in healthy cats, however, long term studies are needed to 
confirm this hypothesis. Moreover, the tolerance to diets with high Na
content may be reduced in cats with compromised renal function, a 
common scenario in cats requiring calculolytic diets.
 
Urine pH was significantly decreased when cats were fed diet 1 but not 
when they were fed diet 2. A reduction in pH may have 
increased urinary excretion of calcium and magnesium in cats fed diet 1, as 
shown by the correlation study and supported by previous data in the 
literature.20 In other species, dietary acidification and metabolic acidosis 
may increase glomerular filtration of calcium, decrease renal tubular 
reabsorption of calcium, and promote skeletal mobilization of calcium.
In adult cats, dietary acidification has been reported to cause 
hypercalciuria20,21 and hypermagnesiuria.
and magnesium seems to be mediated by a decrease in tubular calcium 
and magnesium reabsorption, independent of PTH, but dependent on 
changes in net acid excretion. The available data suggest that acid load 
influences the handling of divalent catio
Henle’s loop.55  
 
As expected by the lower phosphorus content of the diets, urine 
phosphorus concentration and FE of phosphorus tended to decrease. It is 
interesting to note that the decrease was more marked at 30 days. Th
seems that the kidney adapts to the lower phosphorus intake and tends to 
stabilize FE of phosphorus with time. Therefore, the decrease in urine 
phosphorus concentration, that would help to prevent struvite crystal 
formation, may be transitory. 
 
An interesting finding of our work was the increase in urine magnesium 
concentration and FE of magnesium after feeding the calculolytic diets, an 
effect that was more evident with diet 2. This increase in urinary 
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magnesium seems both paradoxical, since the
lower magnesium concentrations and counterproductive to prevent 
struvite crystal formation. The increase in urine magnesium 
after feeding diet 1 is likely influenced by the decrease in urine pH, as 
discussed above. In cats eating diet 2, the increase in magnesium excretion 
by urine seems to be associated to the high sodium content of the diet and 
the subsequent increase in urinary sodium excretion. After modification of 
salt and fluid intake the kidney adapts with c
divalent cation excretion; thus, an increase in salt intake has been shown 
to increase urinary calcium and magnesium loss.
correlation between sodium and magnesium excretion was very good 
when the diet was high in sodium but non
was normal. Thus, our result support the influence of sodium on divalent 
cation excretion by urine in cats, although in the cats of the present study 
the effect was mostly seen in magnesium and, to a lower ex
 
In conclusion, contrary to our hypothesis
study did not seem to negatively affect mineral metabolism. Both diets 
resulted in an increased urinary excretion of magnesium through different 
mechanisms: urine acidification and increased sodium load. 
 
 
 
 
 
 
 
 
 
 
 
 
 diets, especially diet 2, have 
excretion 
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-existent when sodium content 
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CONCLUSIONS 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
(From the article: Pineda C, Aguilera
Lopez I. Feline parathyroid hormone: validation of hormonal assays and 
dynamics of secretion. Domest Anim Endocrinol 2012; 42: 256
 
I. Intact PTH and W-PTH assays can be used for measurement of feline 
PTH. Whole PTH concentration is greater than I
normal cats. Accuracy, precision, sensibility, reproducibility, and 
ability to detect changes in PTH in response to changes in calcium are 
similar in W-PTH and I-PTH assays.
 
II. The PTH-Ca curve in cats is similar to the canine curve and thus the 
extensive knowledge on dynamics of PTH secretion in dogs that can 
be found in the literature could be extrapolated to cats.
 
 
(From the article: Pineda C, Aguilera
Rodriguez M, Lopez I. Mineral metabolism in growing cats: changes in the 
values of blood parameters with age. J Feline Med Surg 2013; 15: 866
 
III. From 3 months of age to adulthood, cats show a decrease
minerals: calcium (both tCa and iCa), phosphorus, and magnesiu
 
IV. No major changes in PTH are evident in growing kittens, although the 
W-PTH/I-PTH ratio decreases significantly with age. 
 
V. A reciprocal change in vitamin D metabolites (decrease in calcitriol 
and increase in calcidiol) has been identified during the g
process. This finding reinforces the need to use adequate age
reference values for diagnostic purposes, especially when evaluating 
the vitamin D status in the diagnosis of feline rickets. 
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(From the article: Pineda C, Aguilera
Rodriguez M, Lopez I. Assessment of calcitonin response to experimentally 
induced hypercalcemia in cats. Am J Vet Res 2013; 74: 1514
 
VI. A human calcitonin assay can be used for measurement of feline CT. 
The assay shows good precision, specificity, and sensitivity, and ability 
to detect changes in CT response to changes in calcium.
 
VII. A heterogeneous CT response to hypercalcemia has been observed in 
the group of cats under 
distinguished: cats which plas
hypercalcemia and cats in which CT concentration remains very low 
even at very high iCa concentrations (up to 1.60 mM) that are 
consistent with clinical hypercalcemia in cats. 
 
 
(From the study: Pineda C, Aguilera
Rodriguez M, Lopez I. Effects of calculolytic diets on feline mineral 
metabolism) 
 
VIII. The calculolytic diets under study do not seem to negatively affect 
mineral metabolism. Although a decrease in plasma calcitriol levels 
has been found after feeding the diets, the clinical significance of this 
finding is questionable. 
 
IX. Both calculolytic diets result in an increased urinary excretion of 
magnesium through different mechanisms: urine acidification and 
increased sodium load. 
 
 
-Tejero E, Raya AI, Guerrero F, 
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study. Two subgroups of cats are 
ma CT concentration increases during 
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The present Doctoral Thesis wa
metabolism in the feline species. Through a series of studies, the 
relationship between calcium metabolism and the main hormones 
involved in it has been determined
metabolism during the juvenile stage of growing cats 
effects linked to feeding calculolytic diets on feline mineral metabolism.
 
The first part of the work was aimed 
the quantification of intact (I-PTH) and whole 
PTH) and to characterize the dynamics of PTH secretion, including the 
assessment of PTH-Ca curve in healthy cats. Thirteen clinically healthy cats 
were subjected to experimentally induced hypo
study the PTH secretion in response to changes in plasma calcium 
concentration. The results obtained in these studies show
assays used to quantify PTH (I-PTH and W
for the determination of this hormone in feline patients. Furthermore, the
feline PTH-Ca curve had a great similarity with canine PTH
thus the previous knowledge on dynamics of PTH secretion in dogs could 
be extrapolated to cats. 
 
The second part was focused on the study of the major electrolytes and 
hormones involved in mineral metabolism in growing cats (from 3 to 15 
months of age). Based on the hypothesis that growing animals are 
subjected to changes in mineral metabolism, a total of fourteen healt
cats were studied between 3 and 15 months of age. The concentrations 
and changes of the main parameters related to mineral metabolism were 
determined. From 3 months of age to adulthood (15 months) animals 
experienced significant changes in the concentra
electrolytes related to mineral metabolism. Therefore, the use of 
appropriate reference ranges is essential especially when pathological 
processes are evaluated in young animals. 
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The third study was focused on 
the determination of calcitonin (CT)
dynamics of CT in response to changes in extracellular calcium through the 
study of the CT-Ca curve in thirteen healthy cats.
response to changes in plasma calcium concentration
than half of cats did not show an increase in CT concentration in response 
to hypercalcemia. This striking discovery is quite interesting and future 
studies exploring CT concentrations in animals with 
(idiopathic or otherwise) seem necessary.
 
Finally, the fourth study was aimed to determine the 
calculolytic diets on mineral metabolism 
hypothesized that feeding animals with these diets for 
potentially modify mineral metabolism.
calculolytic diets under study did not seem negatively affect the 
parameters involved in mineral metabolism. Both diets resulted in an 
increased urinary excretion of magnesium through urine acidification and 
increased sodium load. Although a decrease in plasma calcitriol levels was 
evident, the clinical significance of this finding is questionable.
 
the validation of a commercial assay for 
 in cats and the characterization of the 
 A heterogeneous CT 
 was observed. More 
hypercalcemia 
 
influence of two 
in fourteen healthy cats. It was 
long periods may 
 Contrary to our hypothesis, the 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESUMEN 
  
  
La presente Tesis Doctoral se ha centrado
metabolismo mineral en la especie felina. A través de una serie de trabajos 
se ha estudiado en detalle la relación entre el metabolismo del calcio y las 
principales hormonas involucradas, incluyendo el estudio de los 
principales cambios que se producen en dichos parámetros durante la 
etapa juvenil de gatos en crecimiento, para finalmente culminar con el 
estudio de los posibles efectos ligados a la alimentación con dietas 
calculolíticas sobre el metabolismo mineral felino.
 
El primer trabajo se planteó con el objeto de validar un ensayo 
comercial para la cuantificación de 
completa (W-PTH) y profundizar en el estudio de la dinámica de secreción 
de PTH y evaluación de la curva PTH
se emplearon trece gatos clínicamente sanos los cuales fueron sometidos a 
hipo- e hipercalcemia inducidas experimentalmente a fin de estudiar la 
secreción de PTH frente a cambios en la conc
plasmático. Los resultados obtenidos en esta serie de estudios mostraron 
que los ensayos empleados para la cuantificación de PTH (I
fueron adecuados y fiables para la determinación de la concentración de 
dicha hormona en pacientes felinos. Además, la curva PTH
en estudio fue similar a la curva PTH
de estudios previos de dinámica de secreción en perros podrían ser 
extrapolados a la especie felina.  
 
El segundo trabajo se centró en el estudio de las concentraciones de los 
principales electrolitos y hormonas involucrados en el metabolismo 
mineral de gatos en crecimiento (desde los 3 a los 15 meses de edad). 
Basándonos en la hipótesis de que animales en crecimiento están sujetos a 
cambios del metabolismo fosfocálcico
gatos sanos durante la etapa comprendida entre los 3 y 15 meses de edad a 
fin de cuantificar los niveles de los principales parámetros relacionados 
con el metabolismo mineral y determinar qué cambios acontecen durante 
R e s u m e n  
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 en el estudio del 
 
hormona paratiroidea intacta (I-PTH) y 
-Ca en gatos sanos. Para este estudio 
entración de calcio 
-PTH y W-PTH) 
-Ca de los gatos 
-Ca canina, por lo que los resultados 
, se estudiaron un total de catorce 
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esta etapa. Desde los 3 meses de edad hasta la edad adulta (15 meses) los 
animales experimentaron cambios significativos en las concentraciones de 
las hormonas y electrolitos relacionados con el metabolismo mineral, por 
lo que la aplicación de rangos de referencia adecua
imprescindible especialmente cuando se evalúan procesos patológicos en 
animales jóvenes.  
 
El tercer trabajo se planteó con la finalidad de validar un ensayo 
comercial para la determinación de calcitonina (CT) en gatos y evaluar
dinámica de secreción de CT en respuesta a cambios en el calcio 
extracelular mediante el estudio de la curva CT
clínicamente sanos. Se encontró una respuesta heterogénea de CT frente a 
cambios en la concentración plasmática de calcio. Más de la mitad
gatos no mostró un incremento en la concentración de CT en respuesta a 
hipercalcemia. Este hallazgo es realmente interesante y anima a realizar 
estudios futuros relacionados con la determinación de CT en animales con 
hipercalcemia idiopática o de otra causa.
 
Por último, el cuarto trabajo se centró en la influencia de dos dietas 
calculolíticas sobre el metabolismo mineral de un grupo de catorce gatos 
sanos ya que se ha planteado la hipótesis de que animales alimentados 
durante periodos prolongados c
alteraciones del metabolismo mineral. Contrario a nuestra hipótesis, las 
dietas calculolíticas bajo estudio no afectaron de manera negativa a los 
parámetros involucrados en el metabolismo mineral. Ambas dietas 
provocaron un incremento de la excreción urinaria de magnesio a través 
de la acidificación urinaria y del incremento de la carga de sodio. Aunque 
se evidenció un descenso en los niveles de calcitriol, la importancia clínica 
de este hallazgo es cuestionable.  
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